In order to assess future global water resources, it is necessary to comprehend the past and current water withdrawal trends and distribution. This study presents an estimate of global water withdrawal from 1950 to 2000 in 0.5° resolution by fully utilizing past and current withdrawal statistics as well as Historical equipped Irrigation Map (HIM) and a historical population data. By comparing our results to one from a physically simulated model, we could have an idea of whether a country has an agricultural water withdrawal larger than its crop requirement or not. Validation of a country scale distribution showed good agreement for the agricultural and domestic sector.
INTRODUCTION
The extent of water withdrawal and its increase is a growing concern as population continues to increase and climate change affects the freshwater cycle. Global water withdrawals grew by 15 times between 1800 and 1980 1) . Water scarcity is a globally significant and accelerating condition for 1-2 billion people worldwide 2) , leading to problems with food production, human health, and economic development.
In order to assess future global water resources, it is necessary to comprehend the past and current water withdrawal trends and distribution. However, because of limited observational data of water withdrawal temporarily and spatially, studies estimating water withdrawals by using physically based models have started to come out in very recent years 3),4) . Hanasaki et al. 5 ) estimated agricultural water withdrawal using an integrated global water resources model (the H08 model). By using this model and by constructing a global spatial and temporal database of Historical equipped Irrigation Map (HIM), Yoshikawa et al. 6) recently estimated the distribution of agricultural water withdrawal in the 20th century. However, there is a lack of spatial and temporal observational data of water withdrawal for comparison of this physically based model estimation. The recently emerging studies in this topic have not yet been able to overcome the uncertainties in the estimates.
Therefore in this study, we utilize the time series statistical data of water withdrawals combined with a spatial estimation of water withdrawals based on HIM 6) and a historical population data, finally obtaining an estimation of time series global water withdrawal in 0.5° resolution based on statistical data. We compare our results of agricultural water withdrawal distribution to that by Yoshikawa et al. 6) to examine the characteristics of this method as a first step of validation.
have time series data with various reference years, while others only have a single period data. For countries with time series data, we conducted a linear interpolation to fill each year between the existing data. For the remaining years outside of the period with existing data, we multiplied the evolving ratio of withdrawals for each sector from the State Hydrological Institute (SHI) 8) data presented in region base. For countries with a single period data, we simply multiplied the evolving ratio of withdrawals from SHI to the single period data. In this manner, we prepared a country based water withdrawal data from 1950 to 2000 for each sector.
(2) Estimation of water withdrawal distribution
As a proxy for distributing the country based water withdrawals, we used the area equipped for irrigation, urban population and total population for the agricultural, industrial and domestic sector, respectively, referring to the method in past studies 9), 10) . Area equipped for irrigation was taken from HIM, which is a spatial dataset of time-varying irrigation area 6) . It was created by multiplying the Global Map of Irrigated Areas around 2000 from Siebert et al. 11) by the decreasing ratio of irrigated area for each country from Freydank and Siebert 12) . Total and urban population data was taken from HYDE (History Database of the Global Environment) 13) adjusted to the ESRI (Environmental Systems Research Institute) country boundary data.
To estimate the distribution of agricultural water withdrawal, we divided the country withdrawal values by the irrigation area to obtain the average water withdrawal per unit irrigation area (hereafter, UW) for each country and year. Finally, we multiplied UW by the irrigation area for each year to obtain agricultural water withdrawal in 0.5° resolution. The distribution of industrial and domestic water withdrawal was estimated in the same manner except that urban population and total population was used as the proxy for distributing industrial and domestic water withdrawal, respectively. Thus, UW corresponds to withdrawal per urban capita for the industrial sector, and to withdrawal per capita for the domestic sector.
RESULTS (1) Overview
The estimated distribution of water withdrawals in 1950, 1970 and 2000 is shown in Fig. 1 . Among the past studies on current water withdrawal distributions 3),4),9),10), 14) , this figure for 2000 seems to most resemble the estimation by Shen et al. 10) , as the method and datasets used for the estimation are relatively similar (though they use a different dataset of population and a further elaborate method for the domestic sector), whereas others use a physically-based model for its estimation of agricultural water withdrawals 3), 4) , or a different source of country-based withdrawal data 9), 14) . For agricultural water withdrawal from 1950 to 1970, there was an intensification of withdrawal in USA as the irrigation area increased though its UW decreased. There was also a spread of withdrawal in East Brazil as the irrigation area increased despite a decrease in UW. Also the Mediterranean countries, Northern India and North East China experienced an increase in withdrawal. While many of the Mediterranean countries had an increased UW, that of India and China decreased. From 1970 to 2000, agricultural water withdrawal in East Brazil became larger even more with an increase in both irrigation area and UW. East African countries such as Ethiopia as well as Western Africa experienced an increase in withdrawal and irrigation area. Withdrawals in India increased significantly with only a slight increase in UW. One thing that should be noted is that in the SHI data, for countries with no observational withdrawal data, the value was substituted with that of a country with similar physiographic conditions and had the same features of economic development. That may cause a similar evolving pattern of withdrawal for similar countries.
For industrial water withdrawal from 1950 to 1970, we can see an intensification of withdrawal in Eastern USA with an increase in both UW and urban population. We can also see an increase in Western and Central European countries (especially in Germany and in France), Eastern China, Thailand and Vietnam. From 1970 to 2000, there is a significant increase in Mexico (with a larger increase in urban population than in withdrawal per urban capita), Guatemala and South East parts of Brazil. There is a noticeable increase in Turkey and India despite a decrease in withdrawal per urban capita.
For domestic water withdrawal from 1950 to 1970, there is an increase in USA, with a slightly larger influence by UW increase than population. We can also see increase in South Korea and Japan, with a larger influence by population increase for South Korea, and a larger influence by UW increase for Japan. From 1970 to 2000, Eastern part of South Africa and Mexico had an increase with a dominant influence by population increase. There is also an increase in parts of Nigeria, China and India, with a larger influence by UW than population increase.
Time series of global water withdrawals is shown in Fig.2 , comparing with the results of Wada et al. 4) . The large difference in agricultural water 
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withdrawal may have resulted from the fact that the estimation of Wada et al. 4) is based on a crop-growth model, and that they use a constant irrigation efficiency for each country, whereas in reality, irrigation efficiencies may have become higher over the years.
(2) Comparison with the estimation by the H08 model
We compared our estimation of agricultural water withdrawal to that of Yoshikawa et al. 6) who applied the H08 model for the past century. This model 5) consists of 6 modules which are land surface hydrology, river routing, crop growth, reservoir operation, environmental flow requirements, and anthropogenic water withdrawal. It simulates water withdrawals globally on a daily time step at the resolution of 1.0 °×1.0°. NCC data was used for the meteorological forcing data, and they created HIM as the land use data, which is also used in this study. The water withdrawn is determined by how much water the crop needs for its best growth.
The ratio of agricultural withdrawal by H08 to that of the statistically-based result in 1970 and 2000 is shown in Fig. 3 . In general, the statistically-based result has larger agricultural withdrawal in Eastern USA, Northern parts of South America, Brazil, Western Africa, South Eastern Africa, Indonesia, Malaysia and the Philippines, while H08 has larger agricultural withdrawal in Western USA, East and South Europe, South Western Russia and India. However, in most of these areas (except for East Europe) the differences shrink as the year proceeds. As both results use the same irrigation map, the different factors influencing the results are how much irrigation water is needed for the crop (for H08), or how much water is actually withdrawn according to statistical data. For example in countries where the ratio is smaller than 1 (larger agricultural water withdrawal for the statistically-based result), it can be suggested that the reported or the actual withdrawal amount is larger than the crop requirement. Where the ratio is larger than 1, the reverse could be suggested or that an extent of the irrigation equipped areas are not used. Also, as the statistically-based method uses a spatially constant UW for a single country, it is not able to represent the heterogeneity of the UW within a country, whereas H08 can. For example in USA, we can suggest that the Western side requires more irrigation water for a unit irrigation area compared to the case of just equally distributing the country's total withdrawal amount with irrigation area. The reason why the difference in the two estimates intensifies as the year becomes older may be influenced by the uncertainty of SHI data, as the spatial scale is coarse (region-based).
(3) Validation of the spatial distribution within selected countries
The accuracy of the spatial distribution of water withdrawals within a country can be crucial especially for larger countries where the withdrawal pattern can vary significantly. Although ideally we should validate the past distribution as well as the present, due to data limitation and the fact that our time series of country withdrawals are based on statistical data, we considered that it should be reasonable enough to focus only on the present distribution for this paper. a) Water withdrawal within USA As one validation, we compared our results in USA to statistical data compiled by the U.S. Geological Survey (USGS) in state base. The USGS 
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data categorises sources and sectors of water withdrawals in further detail compared to AQUASTAT. Therefore, for the USGS data, we combined irrigation, aquaculture and livestock as agricultural sector, industrial and thermoelectric power as industrial sector, public supply and domestic as domestic sector and adopted fresh water as the source. The sum of each sector matched the country based data of AQUASTAT (in 2000).
Comparing the 51 states, the coefficient of determination R 2 was 0.76, 0.12, 0.96 and 0.77 for agricultural, industrial, domestic and total water withdrawals, respectively. The low correlation for industrial water withdrawals indicates the insufficiency of using urban population as a proxy to distribute the county based withdrawal data as done in past studies (i.e. industrial water withdrawals are not necessarily large where urban population is large and vice versa). Fig. 4 shows the correlation between agricultural water withdrawals by this study and by that of USGS. Generally, our results are over estimated for states with more precipitation, and under estimated for states with less precipitation. This indicates that dryer areas need more irrigation water per unit irrigation area compared to wetter areas. The fact that the method used in this study cannot represent that heterogeneity within a country may have caused the discrepancy with the USGS data.
b) Groundwater withdrawal within India
As another case of validation, we compared our results in India to statistical data compiled by the Central Ground Water Board (CGWB) of India in state base. However, as CGWB only provides data of groundwater withdrawals (instead of total (source) water withdrawals), we estimated groundwater withdrawals based on our results of total water withdrawals. The estimation method is briefly explained in the following paragraph.
Firstly, we prepared a country based groundwater withdrawal database by compiling statistical data from various literature, including AQUASTAT. Then, we decomposed the groundwater withdrawal amounts into groundwater withdrawal by agriculture, groundwater withdrawal by industry, and groundwater withdrawal by domestic sector, by using ratios provided in the EarthTrends database maintained by the World Resources Institute (WRI). Finally, we spatially distributed the groundwater withdrawal amounts using total (source) water withdrawal as a proxy for each sector. We use the combined (agricultural + industrial + domestic) groundwater withdrawal in each state in India for the comparison. As our estimation is only up to the year 2000, and the data of CGWB is of 2004, it was necessary to adjust the values to a common year. We did this by multiplying our estimates (in 2000) by a constant ratio (=1.03) so that the country totals match. Fig. 5 shows the correlation between groundwater withdrawals by this study and by that of CGWB. The coefficient of determination R 2 was 0.85, indicating a relatively good correlation. The tendency of our over estimation for wetter states is also seen here, probably affected by the same factor mentioned in the previous section. Our results were underestimated particularly in some Northern states, such as Punjab, where groundwater withdrawals are especially large. As future tasks, we should determine other factors that cause intensified groundwater withdrawals for a better estimation.
DISCUSSIONS AND CONCLUSIONS
In this study, we estimated time series of global water withdrawal in 0.5° resolution. By comparing the change in UW and in irrigation area (or population), we were able to suggest which had the larger effect for an increase (decrease) of withdrawal in a country. By comparing our results to that of H08 model 6) , we could have an idea of whether a country has an agricultural water withdrawal larger than its crop requirement or not.
Validation of our results in USA with USGS suggested that the conventional method using population as a proxy to distribute withdrawals works well for the domestic sector, but does not for the industrial sector, leaving us the need to seek for an improved method for the industrial sector.
Comparison of groundwater withdrawals in India between our estimation and data by CGWB showed relatively good agreement. In both countries, our results were relatively over estimated for areas with more precipitation, and under estimated for areas with less precipitation.
Comparing with the results of Wada et al. 4) , a large difference was seen in global agricultural water withdrawal of the past periods, where our results were larger than Wada et al. 4) 's. Part of the reason may be from the fact that Wada et al. 4 ) is based on a crop-growth model, where they use a constant irrigation efficiency for each country. Also, there could be a tendency that our results are over estimated, as we fill the missing country data by interpolation.
Although the regional withdrawal data of SHI up to 1990 is an assessment, the withdrawal data for 2000 is a forecast, which should be considered with caution. However, the remaining data are basically based on statistical data, which makes our estimation unique in a way that there is no modeling scheme in its estimation process.
As previously pointed out, the method of this study uses a spatially fixed UW within a country, which could be unrealistic especially for the agricultural sector. As future task, it is necessary to alternate the UW within a large country.
